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Abstract 
The Bråvika Member in Northeastern Svalbard is a Cryogenian-aged (630 to 720 Ma), 
northward-thickening and coarsening-upward wedge of sandstones and dolomites that sits at the 
boundary between two vastly different climate states: the overlying Wilsonbreen Formation, 
representing the Marinoan Snowball Earth glaciation, and the underlying Elbobreen Formation, 
representing a nonglacial interval between the Sturtian and Marinoan glaciations. Large-scale 
sedimentological and isotopic studies of the Bråvika Member and the surrounding stratigraphy 
have resulted in three endmember hypotheses for the facies that the Bråvika represents: 1) a 
fluvial proglacial (sandur) facies related to the Wilsonbreen Formation (Halverson et al., 2004); 
2) a glacial or nonglacial aeolian facies (Halverson, 2011); and 3) a nonglacial fluvial facies 
related to the Elbobreen Formation (Hoffman et al., 2012). This study uses a combination of 
petrography, energy-dispersive spectroscopy (EDS), scanning electron microscope (SEM) 
microtextural analysis, and non-metric multi-dimensional scaling (NMDS) analysis to 
characterize and assess the facies represented in the mid-lower Bråvika Member in Buldrevågen, 
Svalbard at a microtextural scale, and is the first study to do so. This study is also the first 
microtextural study to consider the viability of SelFrag electric pulse disaggregation (EPD) as a 
method to prepare consolidated samples for microtextural analysis. Two samples of the mid-
lower Bråvika Member from Buldrevågen and one modern periglacial aeolian sample from Lake 
Vanda, Antarctica were compared with 16 other samples from the literature using NMDS. The 
16 literature samples represented five different facies: fluvial, glaciofluvial, nonglacial aeolian, 
periglacial aeolian, and till. The NMDS ordination showed that the two samples from the mid-
lower Bråvika Member closely plotted with samples from periglacial aeolian facies. This 
evidence, taken in conjunction with new and existing field evidence for syndepositional ice (ice-
cemented sandstone clasts, a clast of the Wilsonbreen diamictite in the Bråvika) and aeolian 
transport (large-scale cross-stratification, grain frosting), respectively, is consistent with the 
interpretation that the mid-lower Bråvika Member in Buldrevågen represents a periglacial 
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1. Introduction 
1.1 The Bråvika Member, Northeastern Svalbard: An Identity Crisis 
The Bråvika Member is a Cryogenian-aged (630 to 720 Ma), northward-thickening and 
coarsening-upward wedge of sandstones and dolomites located in Northeastern Svalbard, a 
Norwegian archipelago located halfway between Norway and the North Pole (Halverson et al., 
2004; Halverson, 2011; Hoffman et al., 2012; Halverson et al., 2018). The Bråvika represents 
multiple facies distributed around Northeastern Svalbard that range in composition from pure 
quartz arenite to dolomitic sandstone with thin intercalations of flaggy and stromatolitic 
dolostone (Halverson et al., 2004; Halverson, 2011; Hoffman et al., 2012; Halverson et al., 
2018). The Bråvika is succeeded by the Wilsonbreen Formation, representing the Marinoan 
Snowball Earth glaciation, and preceded by the Elbobreen Formation, representing a nonglacial 
interval between the Sturtian and Marinoan glaciations (Figure 1A; Hoffman et al., 2012). 
Therefore, the Bråvika lies at the boundary between these vastly different climate states. Herein 
lies the question: where does the Bråvika Member fit within this sequence stratigraphy, and what 
facies does it represent? 
 Traditional sedimentological analysis methods have generated three endmember 
hypotheses for what the Bråvika Member represents. The first hypothesis is that the Bråvika 
Member is a fluvial proglacial (sandur) facies of the glacial Wilsonbreen Formation (Halverson 
et al., 2004). There are four lines of evidence supporting this hypothesis: 
1. The Bråvika Member has a reciprocal thickness relationship with the Wilsonbreen 
Formation, where the quartz-arenite thickens northward as the diamictite thins; 
2. The Bråvika Member exhibits large-scale cross-bedding that indicates a northward 
paleoflow direction (Figure 2A); 
3. The northernmost section of the Bråvika Member hosts carbonate-clast conglomerate that 
was interpreted to be reworked from the Wilsonbreen diamictite; and  
4. The Bråvika Member has a northward (down-slope) increase in grain size, which implies 
progradation that is attributed to a northward-advancing ice margin.  
The second hypothesis that exists for the Bråvika is that the Member represents an 
aeolian facies within a glacial or nonglacial climate state. This hypothesis is best supported by 
the presence of large-scale cross-bedding (Figure 2A), which Halverson (2011) interprets to 
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represent aeolian dunes with a northward-directed paleoflow direction, as well as grain frosting. 
Margolis and Krinsley (1971) note that grain frosting is indicative of aeolian transport.  
The third hypothesis is that the Bråvika represents a tropical river deposit that is more 
closely related to the nonglacial Elbobreen Formation (Hoffman et al., 2012). Hoffman et al. 
(2012) presents three lines of evidence to support this hypothesis: 
1. Stable isotope data from the thickest section of the Slangen Member and from a 2.6 m 
thick intercalation of dololutite at a relatively high stratigraphic level within the Bråvika 
Member in the same area revealed that the d13Ccarb values in both units were 5 to 7.5‰; 
2. A new, conformable contact between the Slangen and Bråvika Members was discovered 
in Sveanor, about 3 km southwest of Roaldtoppen (Figure 1B), with no evidence of 
significant hiatus; and 
3. The northernmost section of the Bråvika Member in Franklinsundet (Figure 1B), which 
was originally interpreted as the most proximal facies to the Marinoan ice sheet based on 
the presence of carbonate-clast conglomerate (Halverson et al., 2004), was reinterpreted 
as a more distal, coastal-plain and marginal-marine facies complex where the carbonate 
clasts are limestones of strictly intraformational origin that are also enriched in 13C like 
the dololutite intercalations further south. 
Workers have predominantly used large-scale sedimentological and isotopic analysis to 
characterize the Bråvika Member. However, there have been no studies that assess the 
microtextural characteristics of the Bråvika Member. The microscopic features on the surface of 
a quartz grain, called “microtextures”, record the grain’s transport history and depositional 
environments from its genesis to its final resting place. Scanning electron microscope (SEM) 
analysis uses a SEM to assess the presence and absence of microtextures on the surface of a 
quartz grain, allowing workers to quantitatively measure the microtextural abundance of a 
sample. SEM microtextural analysis is especially well-suited to constraining the depositional 
environment of sedimentary samples because the technique considers the microscopic impact of 
transport processes associated with specific depositional environments, something that cannot be 
determined in the field using a hand lens.  
In this study, I characterized a sample of the mid-lower Bråvika Member using a 
combination of petrography and semi-quantitative energy dispersive spectrometry (EDS). Next, I 
performed blind SEM microtextural analysis in the styles of Smith (2016) and Smith et al. (2018) 
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on more than 50 grains from the Bråvika Member. To acquire individual grains of the Bråvika 
Member, I disaggregated this sample using three different methods (SelFrag electric pulse 
disaggregation (EPD), HCl dissolution, and a combination of HCl dissolution and light mortar 
and pestle crushing) and then compared the disaggregation methods to each other to determine 
the method that induces the least artificial microtextures on grains. Finally, the mid-lower 
Bråvika’s SEM microtextural analysis results were compared with the results of different facies 
(fluvial, glaciofluvial, till, nonglacial aeolian, and periglacial aeolian) in the literature, as well as 
with the results of one periglacial aeolian sample from Lake Vanda, Antarctica, presented here 
for the first time. These samples were compared using non-metric multi-dimensional scaling 
(NMDS), which is an ordination technique that collapses multi-dimensional information for 
different samples into a few dimensions, allowing samples with multiple variables to be 
compared directly with each other. In NMDS ordination space, samples that plot more closely 
together are more closely related to each other than samples that plot far from each other. Within 
the context of this study, if samples representing a given facies plot closely to each other, then 
that facies can be considered as microtexturally distinct. Conversely, if samples representing a 
certain facies plot far from each other or create no recognizable pattern, then the represented 
facies is not microtexturally distinct. Following this hypothesis, if the mid-lower Bråvika 
Member plots closely to any of these microtexturally distinct facies, therefore the Bråvika can be 
described as representative of that facies. This result has implications not just for the facies that 





Figure 1. A) A simplified stratigraphic column of the Polarisbreen Group in Northeastern Svalbard adapted from Hoffman et al. 
(2012). The dashed line between the Elbobreen Formation and the Wilsonbreen Formation indicates the unclear boundary 
between the two based on the varying classifications of the Bråvika Member. B) A map of Northeastern Svalbard with circled 
locations relevant to this study. Sample J1701-156 of the mid-lower Bråvika Member was collected in Buldrevågen, marked with 
a star on the map. 
1.2 Using SEM Microtextural Analysis to Distinguish Ancient Sedimentary 
Environments 
Sand grain surface features, called “microtextures”, record the transport history and 
depositional environments of quartz and other siliciclastic grains from their genesis to their final 
resting place. Quartz grains in particular are an ideal subject for microtextural study because of 
their durability, hardness (7 on the Mohs scale), and lack of cleavage (Deane, 2010). Biederman 
(1962), Porter (1962), and Krinsley and Takahashi (1962) were the first workers to perform 
scanning electron microscope (SEM) analysis on siliciclastic grains. Krinsley and Takahashi 
(1962) in particular were the first workers to experimentally relate groups of specific 
environmental surface microtextures to aeolian, subaqueous, and glacial depositional 
environments, establishing the basis that certain combinations of microtextures can be related to 
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specific depositional environments. The results of Miller and Olson (1955) extends Krinsley and 
Takahashi’s (1962) findings into the rock record. Miller and Olson (1955) divided all properties 
of contemporary sedimentary environments into three groups:  
1. Properties that exist only in contemporary sediments and not in the lithology; 
2. Properties that could be analyzed in modern and ancient sediments, but could be 
modified by diagenetic processes; and 
3. Properties that are the same in modern sediments and the rock record. 
The surface microtextures used to identify ancient sedimentary environments fall into the 
second and third groups, since these textures can exist in contemporary and ancient sediments. 
Operating on this basis, many workers have successfully used SEM microtextural analysis to 
constrain ancient sedimentary environments from the Mesozoic to the Precambrian (e.g. Rehmer 
and Hepburn, 1974; Higgs, 1979; Krinsley and Smith, 1981; D’Orsay and Van de Poll, 1985; 
Mahaney and Kalm, 2000; Sweet and Soreghan, 2010). As sediments get older, the original 
mechanical microtextures created during transport (e.g. saltation, grinding, abrasion) are more 
likely to have been eliminated by diagenesis (Mahaney, 2002). However, for large enough 
sample sizes, it is possible to identify microtextures in relatively restricted areas on some grains 
where chemical action and overprinting has not been strong enough to eliminate or overprint 
earlier microtextures (Mahaney, 2002).  
Although microtextural analysis is a useful technique that can distinguish between 
depositional environments, many workers note that the technique should not be used alone; 
rather, the technique should be used as one of a number of tools to reconstruct 
paleoenvironments (e.g. Krinsley and Doornkamp, 1973; Bull, 1981; Mahaney, 2002). In 
addition to this caveat, early workers quickly realized that many different depositional and 
transport processes can produce similar microtextures (e.g. Soutendam, 1967; Schneider, 1970; 
Setlow and Karpovich, 1972; Brown, 1973; Bull, 1981). These results culminated into the 
principle of equifinality, which is the assumption that microtextures can be formed through a 
variety of mechanisms. Although the advent of the principle of equifinality contributed to this 
technique briefly falling out of favor among sedimentologists, the principle also forced workers 
to apply new quantitative and statistical methods into their work to strengthen their results (e.g. 
Margolis and Kellner, 1969; Margolis and Kennett, 1971; Culver et al., 1983; Bull, 1981; 
Mahaney et al., 2001; Mahaney, 2002). Recently, workers have expanded from the binary 
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presence-absence microtextural identification method (Mahaney et al., 2001; Mahaney, 2002) to 
include ternary analysis of polygenetic, high-stress, and percussion fractures (Sweet and 
Soreghan, 2010); statistical analyses of large (100-150 grain) sample sizes (Deane, 2010); blind 
analysis and principle component analysis (PCA) (Smith, 2016; Smith et al., 2018); and non-
metric multi-dimensional scaling (NMDS) (Keiser et al., 2015).  
These new quantitative analysis methods have helped to reestablish SEM microtextural 
analysis as a valuable technique to identify modern and ancient depositional environments, 
especially in situations where the depositional environment is not well constrained using 
traditional forms of analysis. Therefore, this analytical method is well-suited to constrain the 






Figure 2. A) Aerial photo of large-scale cross-bedding with a northward paleoflow direction in the Bråvika Member at 
Gimleodden (Credit: Bergmann Lab, MIT). B) Aerial photo of the sample area in Buldrevågen (Credit: Bergmann Lab, MIT). In 
this image, the Bråvika Member is 25 m thick and the Wilsonbreen Formation has weathered to a deep purple color. The red-
green mudstones just below the Bråvika are tentatively assigned to the Slangen Member. The J1701-156 sample was collected at 
156 m in the mid-lower Bråvika (marked with a white dashed line), measured relative to the base of the Slangen Member 
(79°69.4895’, 17°31.3329’). C) Photo of large-scale trough cross-bedding in the Bråvika Member at 156 m (Credit: Kristin 
Bergmann). D) Photo of two boulders of the Bråvika Member in Buldrevågen at 166 m, 3 m below the Wilsonbreen contact at 
169 m (Credit: Tyler Mackey). The scale bar is 40 cm. The darker clasts are thought to be ice-cemented clasts (examples in 
Browne and Naish, 2003; Runkel et al., 2010) while the yellow-green clast (circled in yellow) is a clast of unweathered 
Wilsonbreen diamictite (shown in Plate E). E) Photo of an unweathered section of the Wilsonbreen Formation (Credit: Kristin 
Bergmann). The color of this outcrop matches that of the Wilsonbreen clast in Plate D. F) Light microscope image of 
disaggregated grains from a sample of the Bråvika Member collected at 156 m in Buldrevågen (J1701-156). Scale bar is equal to 
300 µm. G) Aerial photo of Lake Vanda, Antarctica (Credit: Tyler Mackey). Wind direction in the photo comes from the upper 
valley (upper left in the photo). H) Photo of aeolian-transported sediment deposited on top of ice at Lake Vanda (Credit: Tyler 
Mackey). This sediment melts through the ice and into the lake and represents a periglacial aeolian facies. 
1.3 Stratigraphic and Geochronologic Context of the Mid-lower Bråvika 
Member, Polarisbreen Group, Northeastern Svalbard 
The Bråvika Member is situated between the underlying Elbobreen Formation and the 
overlying Wilsonbreen Formation. All of these sections occur in the Polarisbreen Group, a 1075 
m succession of carbonate and mainly fine-grained siliciclastic rocks of Cryogenian through 
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Ediacaran age that conformably overlies the carbonate-dominated, middle-upper Tonian 
Akademikerbreen Group (1350-2500 m) (Figure 1A; Wilson, 1961; Knoll and Swett, 1990; 
Fairchild et al., 1991; Harland et al, 1993). The Elbobreen Formation consists of at least four 
members: (from oldest to youngest) the Russøya, Petrovbreen, Macdonaldryggen, and Slangen 
Members, or E1-E4 in the Nordaustlandet nomenclature (Figure 1A; Harland et al., 1993). The 
upper Russøya Member is a stromatolitic dolostone sequence (Fairchild and Hambrey, 1984; 
Halverson et al., 2004; Halverson, 2011; Hoffman et al., 2012) that is onlapped by the glacial 
marine Petrovbreen Member, which consists of mainly well-stratified, carbonate-clast 
diamictites with glacially faceted and striated clasts (Hambrey, 1982; Harland et al., 1993). This 
glacial marine sequence is then overlain by the non-glacial Macdonaldryggen Member, which is 
a 200 m thick highstand sequence of dark-colored, parallel-laminated siltstone with thin 
allodapic dolostone beds (Halverson et al., 2004). Next, the Macdonaldryggen Member shoals 
upward into the Slangen Member, a 20-30 m-thick regressive sequence of cross-bedded oolitic 
grainstones with interbedded fenestral microbialaminites and rare anhydrite (Hambrey, 1982; 
Fairchild and Hambrey, 1984). 
 Following the Slangen Member is the Bråvika Member, which, as previously described, 
is a northward-thickening, coarsening-upward wedge of sandstones and dolomites that represents 
multiple facies distributed around multiple outcrops within Northeastern Svalbard. The mid-
lower Bråvika Member in Buldrevågen is a quartz arenite. It shows large-scale crossbedding in a 
northward paleoflow direction (Figure 2A) and shares a reciprocal thickness relationship with the 
glaciogenic Wilsonbreen Formation, where the quartz arenite thickens to the north as the 
diamictite thins. In Buldrevågen, the Slangen and Bråvika members are separated by a section of 
red-green mudstones that are tentatively assigned to the Slangen Member, and the Bråvika is 25 
m thick (Figure 2B). Measured relative to the base of the Slangen Member in Buldrevågen, the 
Bråvika shows large-scale trough cross-bedding at 156 m from the contact (Figure 2C) and also 
show evidence for syndepositional ice in the form of ice-cemented sand clasts (examples in 
Browne and Naish, 2003; Runkel et al., 2010) and a clast of unweathered Wilsonbreen diamictite 
within the Bråvika (Figure 2D, E). The grains in the mid-lower Bråvika Member sample used in 
this study from Buldrevågen are also frosted (Figure 2F), indicating that these grains were once 
subjected to aeolian transport as noted by Margolis and Krinsley (1971). 
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Above the Bråvika Member, the Wilsonbreen Formation (Figure 2E) is a relatively thick 
(~117 m) glaciogenic sequence composed of non-stratified, polymictic diamictite with faceted 
and striated clasts, as well as subordinate channelized sandstone and conglomerate (Edwards, 
1976; Hambrey, 1982; Harland et al., 1993). The Wilsonbreen Formation is correlated with the 
Marinoan Snowball Earth glaciation and was recently described in detail by Fleming et al. 
(2016) and Fairchild et al. (2016b). Although the Wilsonbreen Formation is dominated by the 
glacial diamictites and associated facies of the Ormen and Gropbreen Members (Fairchild and 
Hambrey, 1984; Fairchild et al., 1989; Fairchild and Spiro, 1990; Fairchild, 1993; Bao et al., 
2009), there is also a thin, widespread band of glacio-lacustrine limestone and dolostone beds 
named the Carbonate Member that is sandwiched between the Ormen and Gropbreen Members 
(Hoffman et al., 2012). Sharply overlying the Wilsonbreen Formation is the Dracoisen 
Formation, whose lowermost member exhibits all of the typical characteristics for basal 
Ediacaran cap dolostone: distinctive megaripples, peloids, and d13Ccarb values of -2 to -4‰ 
(Halverson et al., 2004; Knoll et al., 2006; Hoffman et al., 2011; Halverson et al., 2018). 
These sections have yet to be radiometrically dated (Halverson et al., 2018). So far, only a 
maximum age of ca. 940 Ma has been directly applied to the section based on the age of the 
rocks underlying the Veteranen Group – which underlies the Akademikerbreen Group – and 
detrital zircons (Johansson et al., 2000; Johansson et al., 2005). However, other radiometric dates 
from around the world can be used to further constrain the age of the Neoproterozoic strata in 
Northeastern Svalbard. The Petrovbreen Member and the Wilsonbreen Formation are two 
distinct Cryogenian glaciogenic units that were once thought to represent one single glaciation 
(Halverson et al., 2004), but are now thought to be correlated with the Sturtian and Marinoan 
glaciations, respectively (Hoffman et al., 2012; Halverson et al., 2018). Therefore, the maximum 
age of the contact between the Russøya Member and the Sturtian Petrovbreen Member roughly 
represents the onset of the Sturtian glaciation, whose age has been tightly constrained to between 
716.9 ± 0.4 and 717.4 ± 0.2 Ma in the Coal Creek inlier of Yukon (Canada) using U-Pb CA-
IDTIMS zircon ages (Macdonald et al., 2010; Macdonald et al., 2018). Meanwhile, the contact 
between the Wilsonbreen and Dracoisen Formations corresponds to the Cryogenian-Ediacaran 
boundary, which has been dated to 632.3 ± 5.9 Ma at the basal Sheepbed Formation of 
Northwest Canada using Re-Os geochronology (Rooney et al., 2015). 
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1.4 Geologic Context of Lake Vanda, Antarctica 
 In addition to the Bråvika Member, this study also investigates the microtextural 
characteristics of sediment from Lake Vanda, Antarctica. Lake Vanda (Figure 2G) is a > 70 m-
deep lake with a surface area > 7 km2, making it the largest perennially ice-covered lake of the 
McMurdo Dry Valleys of Antarctica (Chinn, 1993; Castendyk et al., 2016; Mackey et al., 2017). 
The bulk of the sedimentation under Lake Vanda’s ice cover is dominated by wind-blown sand 
that is eroded from the surrounding bedrock, transported to the ice surface, and melted through 
the ice (Figure 2H; Gumbley, 1975). Some sand grains may be remobilized from other regional 
sandstones, so this sediment likely reflects a combination of bedrock-sourced and reworked 
sediment. Regardless if the sediment is reworked or bedrock-sourced, the majority of the 
sediment deposited at Lake Vanda is subjected to aeolian transport and frost weathering 
processes present in a periglacial environment (Woronko, 2016). Therefore, this sediment can be 
interpreted as a periglacial aeolian facies. Lake Vanda sediment provides a particularly exciting 
opportunity to characterize the microtextures present on periglacial aeolian grains, since 
relatively few SEM microtextural studies have been performed on sediments from this facies 
(e.g. Kalińska-Nartiša et al., 2017). 
 
2. Methods 
2.1 Samples Analyzed and the Concept of Blind SEM Analysis 
In this study, the microtextural and elemental characteristics of two different samples 
were characterized. One sample, named J1701-156, is from the mid-lower Bråvika Member, 
while the other sample, named V-13A, is from Lake Vanda, Antarctica. J1701-156 was collected 
at Buldrevågen (Figure 1B) in 2017 by Julia Wilcots, a graduate student in the Department of 
Earth, Atmospheric, and Planetary Sciences (EAPS) at the Massachusetts Institute of 
Technology (MIT). In the field, J1701-156 was collected 156 m above the contact with the 
Slangen Member (79°69.4895’, 17°31.3329’) in an area that was free of faults, veins, and other 
features that could alter the sample material (Figure 2B). In the field, J1701-156’s stratigraphic 
direction was noted directly on the hand sample. Sample V-13A is windblown glacial material 
that was deposited into Lake Vanda and layered within microbial mats growing around and 
under cobbles, boulders, and rock overhangs (Mackey et al., 2017). V-13A was collected 
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approximately 40 m offshore at 9 m depth by Tyler Mackey, a postdoctoral researcher in EAPS 
at MIT (Mackey et al., 2017).  
 Both samples were analyzed under the blind conditions of Smith (2016) and Smith et al. 
(2018), where the primary researcher (Reahl) was unaware of each sample’s name, age, and 
location. This decision was made to reduce analytical bias, since microtextural and petrographic 
analysis is performed by a human operator. After data collection was complete, the advisors 
(Bergmann, Cantine) revealed each sample’s name, age, and location to the primary researcher.  
 The methods of this study follow four distinct stages: J1701-156 sample characterization; 
J1701-156 disaggregation; SEM microtextural analysis and percent frequency of occurrence 
calculation; and NMDS facies comparisons. The goal of sample characterization was to 
petrographically and elementally characterize J1701-156 under blind conditions using thin-
section petrography and semi-quantitative energy dispersive spectrometry (EDS) analysis. After 
sample characterization was complete, J1701-156 was disaggregated using three methods: 
SelFrag electric pulse disaggregation (EPD), HCl disaggregation, and a combination of HCl 
disaggregation and light mortar and pestle crushing. After J1701-156 was disaggregated, samples 
J1701-156 and V-13A were prepared for SEM microtextural analysis following the methods of 
Smith (2016) and Smith et al. (2018). After the samples were prepared for analysis, each grain of 
the sample was analyzed for 20 different microtextures under an SEM using the binary presence-
absence method (Mahaney et al., 2001; Mahaney, 2002). Finally, after these 20 characteristics 
were tallied, the percent frequency of occurrence data for both samples were plotted against 
percent frequency of occurrence data for sixteen other samples from the literature representing 
five different facies: fluvial, glaciofluvial, nonglacial aeolian, periglacial aeolian, and till. 
Finally, the frequency of occurrence data of these two samples and the literature were used to 
create a NMDS ordination plot of all of the represented facies. 
 
2.2 Sample Characterization 
2.2.1 Petrography 
 A thin-section of J1701-156 was prepared with an approximate thickness of ~30 µm 
using a Struers Accutom-100 saw and a Struers LaboPol Polisher. A Zeiss Axio Imager 
Polarizing Microscope was used to determine the general mineral composition of J1701-156 and 
create detailed, stitched images of the whole slide in cross-polarized light (XPL) and plane-
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polarized light (PPL). In addition, the rounding, sorting, and size of the grains in the sample was 
recorded. 
 
2.2.2 EDS Analysis 
 For EDS analysis, a thick section of J1701-156 was prepared, polished to a 1 µm grit 
using the Struers LaboPol Polisher, and coated with a 5 nm sputter coating of 80/20 Pt-Pd to 
prevent charging under the SEM. Using a Zeiss FESEM Ultra55 accessory AMTEK EDAX EDS 
System and EDAX Genesis software (v. 6.51) at the Harvard Center for Nanoscale Systems 
(CNS), one EDS map of J1701-156 was recorded at low (500x) magnification and at a constant 
electron accelerating voltage, or electron high tension (EHT), of 20 kV. A high-resolution 
secondary electron (SE) image of the field of view and an average spectrum of the whole image 
was taken at every mapping location for 40 seconds; 40 seconds was chosen as the measurement 
timescale because this was the minimum amount of time needed to acquire an optimal signal to 
noise ratio for the average spectrum. Next, EDS maps were recorded for elements that displayed 
peaks in the average spectrum. For instance, if an average spectrum displayed O, Si, Al, K, and 
Ca peaks, EDS maps were only recorded for those elements. Peaks associated with Pt and Pd 
were ignored because the Pt-Pd coating was applied during sample preparation and thus did not 
reflect the actual elemental composition of the sample. 
 After EDS maps were collected, the maps were converted from .bmp files to .FITS files 
using ImageJ software (Schneider et al., 2012) and then concatenated into composite RGB 
images using SAOImage DS9 (Joye and Mandel, 2003). The RGB images were used to 
characterize different sections of the sample. To distinguish siliciclastic and carbonate materials, 
the calcium (Ca) map was set to red, the oxygen (O) map to green, and the silica (Si) map to 
blue. To distinguish dolomite from limestone, the red was set to magnesium (Mg), the green to 
O, and the blue to Ca. 
 
2.3 Disaggregation Methods 
 After J1701-156 was characterized using petrography and EDS, the sample’s siliciclastic 
grains were disaggregated using three different methods: SelFrag EPD, HCl dissolution (hereby 
referred to as “HCl-only” disaggregation), and a combination of HCl dissolution and light mortar 
and pestle crushing (hereby referred to as “HCl-MP” disaggregation). SelFrag EPD is a 
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disaggregation method that applies a strong electric current to a rock sample in a water bath. The 
current fractures the rock sample along grain boundaries (zones of weakness), which should 
allow for minerals to be extracted without inducing artificial microtextures (Cabri et al., 2008). A 
consolidated sample of J1701-156 was sent offsite to Columbia University’s SelFrag facility for 
EPD processing. For the HCl-only disaggregation method, a sample of J1701-156 was 
disaggregated in 20% HCl solution for 24 hours at 50°C. Smith (2016) notes that previous tests 
(Pye, 1983; Keiser et al., 2015) have shown that sample exposure to 1N HCl solution at 50°C for 
short timeframes (~12-24 hours) does not significantly influence quartz microtextures on the 
sample. Grains were loosened from the edges of the rock sample while in solution using a glass 
stirring rod. The HCl-MP disaggregation method added one more step to the HCl-only method: 
after HCl dissolution was complete, the whole sample was removed from the solution and lightly 
crushed using a mortar and pestle. After the grains were disaggregated, the roundness and sorting 
of these grains were compared with a weathered surface to determine the degree to which each 
disaggregation method induced artificial microtextures. This analysis indicated that the SelFrag-
treated grains were not representative of the original sediment character, while the HCl-only and 
HCl-MP grains were fairly representative of the original sediment (see Section 3.2). Therefore, 
the SelFrag grains were not used or treated for SEM analysis. 
 
2.4 SEM Preparation and Analysis 
The HCl-only, HCl-MP, and V-13A grains were wet sieved into a 150-1000 µm grain 
size fraction and allowed to dry in an oven. After these samples were dried, the samples were 
treated again with 20% HCl solution for 24 hours at 50°C to remove any remaining carbonate 
coatings. Next, these grains were treated using the citrate-bicarbonate-dithionite (CBD) method 
(Janitsky, 1986) to remove iron-oxide and manganese-oxide coatings, and then rinsed and dried. 
The grains were not sonicated in order to prevent artificially inducing microtextures (Porter, 
1962). Following these treatments, 50 quartz grains were randomly selected from each sample 
for microtextural analysis using a reflected-light microscope. These grains were mounted on an 
aluminum SEM stub with double-sided carbon tape in a 10x5 grid (Figure 3) and then coated 
with a 5 nm thick 80/20 Pt-Pd sputter coat to prevent charging under the SEM. Although 
different microtextural studies have a wide variety of sample sizes, ~50 grains were analyzed per 
sample because the number falls squarely between endmember sample sizes that range from less 
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than 20 grains per sample (e.g. Blackwelder and Pilkey, 1972; Coch and Krinsley, 1971; 
Krinsley and Funnell, 1965) to greater than or equal to 100 grains per sample (Deane, 2010; 
Vincent, 1976; Setlow, 1978). Each grain was analyzed for the presence (1) or absence (0) of 20 
microtextures (Table 1; Figure 4) according to the methods of Mahaney et al. (2001) and 
Mahaney (2002). Each microtexture was individually considered as present or absent, as opposed 
to only determining what microtextures are readily visible in an image. Culver et al. (1983) has 
shown that the binary presence-absence method is more robust than the percent coverage 
method, where workers attempt to quantify the degree to which a given microtexture covers a 
grain surface. EDS was used to confirm the composition of each grain as quartz. Grains that were 
not quartz grains were removed from the sample dataset. After microtextural analysis was 
finished, the microtextures were summed over all of the quartz grains and then divided by the 
total number of quartz grains in the sample to compute the frequency of occurrence for each 
microtexture. 
 








2.5 NMDS Comparison 
For this dataset, each of the n sediment samples has a specific number of k microtextures, 
also known as “variables” or “axes”, that affects its position in multidimensional space. Non-
metric multi-dimensional scaling (NMDS) is used to represent the multidimensional 
relationships between samples and microtextures in a reduced number of dimensions, usually 
labelled as NMDS1, NMDS2, or NMDS3. This ordination method was first pioneered by 
community ecologists (Minchin, 1987), but it has since been applied to other fields, including 
microtextural analysis (Keiser et al., 2015).  Within NMDS ordination space, samples that plot 
closely together are more similar than samples that plot far away from each other. For this 
analysis, the frequency of occurrence of 19 samples (described in Table 2), including the two 
J1701-156 samples and the V-13A sample, were plotted into NMDS ordination space using the 
Vegan 2.5-4 ordination package in R (Oksanen, 2019) following the recommended methods of 
Minchin (1987). After the samples were plotted, each sample in the plot was labelled according 




Table 1. Quartz surface microtextures used in this study with accompanying descriptions and corresponding examples (shown in 
Figure 4). Compiled from the microtextures used in Smith (2016), Smith et al. (2018) and Sweet and Soreghan (2010). 
 
Microtexture Abbreviation Description Formation Process Citation Figure 2 Examples
Abrasion 
Features af Rubbed or worn surface Polygenetic
Mahaney and Kalm, 1995, 2000; 




Deep tears or breaks caused by 
impact; Several microns deep 
and typically spaced > 5 µm 
apart
Polygenetic
Campbell and Thompson, 1991; 




Blocky void marking removal 
of material, typically along an 
edge
Polygenetic Campbell and Thompson, 1991; Helland and Diffendal, 1993 B
Conchoidal 
Fractures cf Smooth, curved fracture Polygenetic
Campbell and Thompson, 1991; 
Mahaney and Kalm, 1995, 2000; 
Mahaney, 2002
E, H, I, K, Q
Crescentic 
Gouges crg
Crescent-shaped gouges with 
convex and concave limbs that 
have depths > 5 µm
High-Stress
Campbell and Thompson, 1991; 




Curved abrasion feature caused 
by sustained high-stress 
contact with another grain, < 5 
µm deep
High-Stress
Helland and Diffendal, 1993; 
Mahaney and Kalm, 1995, 2000; 
Mahaney, 2002
J, O
Deep Troughs dt Grooves > 10 µm deep High-Stress Mahaney and Kalm, 1995, 2000; Mahaney, 2002 O
Dissolution 
Etching de
Cavities from chemical 
dissolution; often 
crystallographically oriented
Chemical Mahaney and Kalm, 1995; Mahaney, 2002 F, H, Q
Edge Rounding er Rounded edges on grains Percussion
Campbell and Thompson, 1991; 
Mahaney and Kalm, 1995, 2000; 
Mahaney, 2002
H
Fracture Faces ff Smooth and clean fractures Polygenetic Mahaney, 2002 C, I
Linear Steps ls Widely spaced linear features, typically > 5 µm apart Polygenetic
Campbell and Thompson, 1991; 
Mahaney and Kalm, 1995; 
Mahaney, 2002
E, H, I, N, Q
Precipitation 
Features pf
Coatings of amorphous silica 
precipitation Chemical
Folk, 1978; Helland and 
Diffendal, 1993; Mahaney, 





Distinct sharp edges on grain 
surface Polygenetic
Campbell and Thompson, 1991; 
Mahaney and Kalm, 1995; 
Mahaney, 2002
I
Straight Grooves sg Linear grooves < 10 µm deep High-Stress
Helland and Diffendal, 1993; 





Linear fractures, typically < 5 
µm spacing Polygenetic
Helland and Diffendal, 1993; 
Mahaney and Kalm, 1995, 2000; 
Mahaney, 2002
D, I, J, L
Upturned Plates up
Surfaces of impact where plates 
of variable size are partiallly 
torn from surface, typically > 5 
µm





V-shaped fractures or 
indentions with typical sizes 
ranging from 1 µm to 30 µm
Percussion
Campbell and Thompson, 1991; 
Mahaney and Kalm, 1995, 2000; 
Mahaney, 2002
M, P, R
Low Relief low Nearly smooth surface without topographic irregularities
Entire history of 
grain
Campbell and Thompson, 1991; 
Mahaney and Kalm, 1995; 
Mahaney, 2002
I, P, R
Medium Relief med Semi-smooth surface with topographic irregularities
Entire history of 
grain
Campbell and Thompson, 1991; 
Mahaney and Kalm, 1995; 
Mahaney, 2002
A, G, H, O
High Relief high
Topographically irregular 
surface with pronounced 
swells and swales
Entire history of 
grain
Campbell and Thompson, 1991; 
Mahaney and Kalm, 1995; 
Mahaney, 2002
C, E, Q




Figure 4. Quartz microtexture examples from the literature. Images A) – I) are from Smith (2016) and Smith et al. (2018), J) – O) 
are from Deane (2010), P) – Q) are from Sweet and Soreghan (2010), and R) is from Margolis and Krinsley (1971). A) A 
medium-relief grain with a prominent abrasion feature. B) Breakage blocks along the edge of a grain. C) A prominent fracture 
face on a high-relief grain. D) Subparallel linear fractures. E) A high-relief grain with linear steps and conchoidal fractures. F) 
Dissolution etching and precipitation features. G) Crescentic gouges and arc-shaped steps on a medium-relief grain. H) A 
medium-relief grain with dissolution etching, linear steps, conchoidal fractures, and edge rounding. I) Sharp angular features, 
conchoidal fractures, subparallel linear fractures, fracture faces, and linear steps on a relatively low-relief grain. J) Curved 
grooves and subparallel linear fractures. K) A conchoidal fracture. L. Subparallel linear fractures and arc-shaped steps. M) 
Straight grooves and v-shaped percussion cracks. N) Linear steps and upturned plates. O) Curved grooves, straight grooves, and 
deep troughs. P) A low-relief, well rounded grain with v-shaped percussion marks. Q) A high-relief grain with dissolution 
etching, linear steps, conchoidal fractures, and a large region with precipitated features. R) Small (< 5 µm) upturned plates on 
the surface of a frosted, aeolian quartz grain. 
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3. Results 
3.1 Sample Characterization 
3.1.1 Petrography of J1701-156 
Stitched images of the J1701-156 thin-section are shown in cross-polarized light (XPL) 
and plane-polarized light (PPL) in Figure 6. The increasing quartz birefringence trend from left 
to right indicates that the thin-section is thickening in the same direction. This trend is an artifact 
from preparing the thin-section. During the curing process, the rock sample can reposition itself 
within the glue layer that mounts the sample to the glass slide (Figure 5A). Therefore, after a 
repositioned sample is ground down to ~30 µm (Figure 5B), the repositioned sample thickens in 
the tilting direction. The dark region on the thin-section’s right is attributed to the rock sample 
partially detaching from the glass slide during the grinding process. 
 Petrographic analysis of the ~ 30 µm-thick region of the thin-section (outlined in red in 
Figure 6) indicates that J1701-156 contains a majority of quartz grains with some feldspar grains. 
Throughout the sample, these grains are lower medium to upper fine (177-350 µm), well-sorted, 
and well-rounded. There is also a dark, fine-grained cement between the grains whose 
composition is difficult to identify using petrographic analysis alone.  
 
Figure 5. A cartoon of the repositioned rock sample A) before grinding and B) after grinding. 
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3.1.2 EDS of J1701-156 
Figure 6 shows a secondary electron (SE2) image and two red-green-blue (RGB) 
composite EDS map images of J1701-156’s polished surface. There appear to be distinct red-
green (Ca-O) regions between the rounded blue-green (Si-O) regions in Plate B (Figure 6) 
Comparing these red-green and blue-green regions to the SE2 image (Plate D), the blue-green 
(Si-O) regions are located in regions with rounded grains, and the red-green (Ca-O) regions are 
located in the space between grains. This spatial distribution is consistent with the petrographic 
analysis, where rounded, Si-O-containing grains have a cementing material filling the pore 
space. Therefore, the presence of red-green (Ca-O) regions between grains indicates that the 
cementing material first identified in the petrographic analysis is a carbonate (CaCO3-containing) 
cement.  
In Plate C of Figure 6, there are distinct red-blue (magenta; Mg-Ca) regions that occur 
between the rounded green (O) regions. These magenta regions occur in the same spatial 
distribution as the red-green regions in Plate B, indicating that these magenta regions represent 
the carbonate cement while the rounded green regions represent the siliciclastic grains. Since the 
magenta regions indicate the presence of calcium and magnesium in the cement, this cement can 
be confidently classified as dolomitic (MgCa(CO3)2). 
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Figure 6. A)–B) Stitched images of J1701-156 in A) cross-polarized light (XPL) and B) plane-polarized light (PPL). The ~30 µm-thick region 
analyzed during petrographic analysis is outlined in red. Note the increasing birefringence in the quartz grains from left to right and the dark 
region on the right side of the thin-section. The scale bars in A) and B) are 5 mm. C) – E) EDS maps of polished J1701-156 section: C) RGB 
image of R: Calcium (Ca), G: Oxygen (O), B: Silicon (Si); D) secondary electron (SE2) SEM image of polished J1701-156 surface; E) RGB 
image of R: Magnesium (Mg), G: O, B: Ca. Note how all of the red areas in C) are magenta in E). The scale bars in C), D), and E) are 150 µm. 
 
3.2 SelFrag Disaggregation Versus Acidification 
Figure 7 compares SE2 images of J1701-156’s weathered surface with the same sample 
after three forms of disaggregation: SelFrag electric pulse disaggregation (EPD), HCl 
disaggregation (hereby abbreviated as “HCl-only”), and a combination of HCl disaggregation 
and light mortar and pestle crushing (“HCl-MP”). The weathered surface has predominantly well 
sorted, well rounded grains that are between 150-250 µm in size. Angular growths that are < 50 
µm appear to be growing between the grains. These angular growths between grains are 
interpreted to be very fine-grained crystals of dolomite associated with the dolomitic cement. 
Although most of the grains on the weathered surface have rounded edges, some grains appear to 
have fractured faces, especially to the right of the image. For the purpose of comparison between 
samples, the grains on the weathered surface of J1701-156 are assumed to represent the original 
character of the sample before disaggregation.  
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The SelFrag EPD disaggregated grains vary noticeably in size, sorting, and angularity 
compared to the weathered surface: these grains are angular, poorly sorted, and usually < 100 µm 
in size, varying between 20-120 µm in this image. Some of the grains in this sample appear to 
have some rounded edges, usually opposite of a fractured face. These observations are 
inconsistent with the original character of the sediment, indicating that the SelFrag EPD process 
significantly alters the original grains. The HCl-only and HCl-MP disaggregated grains are well 
rounded and approximately 300 µm wide on their widest axis. The similar sizing of these grains 
compared to other grains disaggregated in the same manner (Figure 8, 9) are consistent with the 
well-sorted character of the original sediment. These observations indicate that, compared to the 
SelFrag EPD-disaggregated grains, the HCl-only and HCl-MP disaggregation processes do not 
significantly change the character of the sediment.  
Given these observations, the SelFrag EPD-disaggregated grains were not used for SEM 
microtextural analysis, since they were least representative of the original character of the 
sediment before disaggregation. Instead, SEM analysis was performed on the HCl-only- and 
HCl-MP-disaggregated samples to compare the two samples at a finer scale and to characterize 




Figure 7. Secondary electron (SE2) images of grains from J1701-156 under different disaggregation conditions. All images were 
taken at 500x magnification, and the scale bar in each image is equal to 40 µm. A) A weathered surface of J1701-156 where the 
quartz grains were not disaggregated into individual grains. Note the well-rounded, well-sorted grains on the surface of the 
sample. B) SelFrag EPD-disaggregated grains that were not subjected to 20% hydrochloric acid (HCl) carbonate-removal and 
citrate-bicarbonate-dithionite (CBD) iron-oxide removal after disaggregation. Note the angularity and poor sorting of the grains 
in this image. C) – D) Two different grains from J1701-156 that were disaggregated from its dolomitic cement using: C) 20% 
HCl solution at 50°C; and D) 20% HCl solution at 50°C and light crushing using a mortar and pestle. Both grains in C) and D) 
were subjected to 20% HCl carbonate removal and CBD iron-oxide removal after disaggregation. Note how C) and D) are both 
well-rounded grains of approximately the same size. 
3.3 SEM Frequency of Occurrence for J1701-156 HCl-only, J1701-156 HCL-
MP, and V-13A 
 A representative sample of 9 grains is shown for each sample in Figure 8 (J1701-156 
HCl-only), Figure 9 (J1701-156 HCl-MP) and Figure 10 (V-13A). Figure 11 shows the percent 
frequency of occurrence of all 20 analyzed microtextures listed in Table 1 for the HCl-only, HCl-
MP, and V-13A samples, as well as all other samples representing fluvial, glaciofluvial, 
nonglacial aeolian, periglacial aeolian, and till facies from the literature. The frequency of 
occurrence is calculated for each microtexture by taking the sum of each microtexture and then 
dividing the sum by the total number of quartz grains in the sample. The percent frequency of 
occurrence is the frequency of occurrence multiplied by 100. A table of the exact frequencies 
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used to plot Figure 11 is shown in Table 2. Although results from other studies are represented in 
this Figure, the following will focus on the frequency of occurrence results for HCl-only, HCl-
MP, and V-13A. 
All three samples have particularly high frequencies of edge rounding (100%) and 
precipitated features (96-100%). In addition, these three samples share similar percent 
frequencies of occurrence for medium relief (43-51%), deep troughs (17-20%), dissolution 
etching (37-49%), fracture faces (4-12%), and straight grooves (10-15%).  
 In addition to the microtextural similarities between all three samples, there are a few 
more microtextural similarities between samples J1701-156 (HCl-only) and J1701-156 (HCl-
MP). Both samples share similar frequencies of low relief (47-55%), high relief (2-6%), arc-
shaped steps (6% for both), subparallel linear fractures (9-16%), upturned plates (81-98%), and 
v-shaped percussion cracks (96% for both). The main differences between these two samples are 
shown in the abraded features, breakage blocks, crescentic gouges, curved grooves, linear steps, 
and sharp angular features. J1701-156 (HCl-only) exhibits higher frequencies of abraded features 
(18%), breakage blocks (47%), and linear steps (18%), and sharp angular features (22%) 
compared to the same textures shown in J1701-156 (HCl-MP) (4%, 26%, 6%, and 6%, 
respectively). Meanwhile, J1701-156 (HCl-MP) exhibits higher frequencies of crescentic gouges 
(17%) and curved grooves (40%) compared to those of J1701-156 (HCl-only) (4% and 14%, 
respectively). 
 Comparing V-13A to the two J1701-156 samples, the largest differences are shown in the 
arc-shaped steps (26%), crescentic gouges (35%), sharp angular features (49%), upturned plates 
(53%), v-shaped percussion cracks (51%), low relief (31%), and high relief (18%). There are 
also instances where certain microtexture frequencies for V-13A are more similar to one J1701-
156 sample than another. For instance, V-13A shares similar microtexture frequencies with 
J1701-156 (HCl-only) for abraded features (12-18%), linear steps (18-22%), and subparallel 
linear fractures (16-27%). Meanwhile, V-13A shares similar microtexture frequencies with 




Figure 8. SE2 images of a representative subsample of 9 grains from a larger parent sample of 50 J1701-156 grains that were 
disaggregated using 20% HCl solution at 50°C (no light crushing with a mortar and pestle). All scale bars are equal to 100 µm. 
 
Figure 9. SE2 images of a representative sub-sample of 9 grains from a larger parent sample of 50 J1701-156 grains that were 




Figure 10. SE2 images of a representative sub-sample of 9 grains from a larger parent sample of 50 V-13A grains. All scale bars 
are equal to 100 µm. 
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Figure 11. Percent frequency of occurrence of all 20 microtextures for all samples described in Table 2. 
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3.4 NMDS Facies Comparison using Literature Values 
 The plots in Figure 12 are NMDS ordination plots that plot each sample from this study 
and from the literature (Table 2) in terms of each sample’s associated facies, geologic age, and 
consolidation before SEM analysis (Table 3). The gray arrows in the plots represent the 
correlation coefficient of each microtexture (“variable”). These correlation coefficients illustrate 
how each microtexture affects the sample position in the 2D-ordination space. Although these 
correlation coefficients are drawn as arrows with a magnitude and apparent direction, these 
arrows do not indicate that the correlation coefficients are traditional eigenvectors as in principle 
component analysis (PCA). Each NMDS ordination is unique to the data used to create it, 
meaning that the samples and correlation coefficients plot in unique locations in the ordination 
space depending on the dataset. Longer arrows indicate stronger correlation coefficients between 
the variable and the NMDS scores. In NMDS ordination space, the proximity of samples to one 
another indicates their degree of similarity, while the location of a sample on the plot is 
determined by the variables with the strongest correlation to that sample. The stress of an NMDS 
plot indicates how accurately the NMDS ordination represents the original dataset. NMDS 
ordinations with stress values below 0.2 are considered to be usable (Hammer and Dat, 2001; 
Huntley, 2011). For these ordinations, the stress is equal to 0.0914, indicating that this plot is an 
accurate representation of the original microtextural data in ordination space.   
Figure 12A is a plot of each sample’s representative facies. In this plot, V-13A is marked 
as one of the two “periglacial aeolian” facies samples. Figure 12A indicates that till samples 
form a distinct facies that is predominantly associated with high relief grains, sharp angular 
features, deep troughs, straight grooves, subparallel linear fractures, and abraded features. Non-
glacial fluvial and glaciofluvial facies also form a distinct group of fluvial facies. This group of 
fluvial facies is associated with low relief grains, conchoidal fractures, linear steps, and arc-
shaped steps. The nonglacial aeolian facies plots closely to the fluvial facies, and seems to be 
most influenced by abraded features, low relief, and edge rounding. The periglacial aeolian 
facies plot closest to both J1701-156 samples, which also plot closely together. All four samples 
are strongly associated with edge rounding, v-shaped percussion cracks, upturned plates, 
precipitation features, and breakage blocks.  
Two other versions of the same NDMS ordination were plotted according to relative 
geologic age in terms of eras (Figure 12B) and the original consolidation of the sample before 
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disaggregation and SEM analysis (Figure 12C). The relative geologic age plot (Figure 12B) and 
the consolidation plot (Figure 12C) show that the majority of the samples plotted from the 
literature are unconsolidated samples from the Cenozoic. These Cenozoic, unconsolidated 
samples are well-distributed throughout both plots and do not form new groups that are distinct 





Figure 12. NMDS ordination plots of all 19 samples compared in terms of A) represented facies (fluvial, glaciofluvial, till, 
nonglacial aeolian, and periglacial aeolian); B) relative geologic age in terms of eras; and C) the sample’s consolidation before 
SEM analysis. The arrows represent the correlation coefficient of each microtexture variable. The angle and direction of the 
arrows are not meaningful; rather, the length, or magnitude, of the arrow indicates the strength of the correlation coefficient 
between the variable and the NMDS score. The proximity of sample points indicates their degree of similarity.
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Table 2. The percent frequency of occurrence of each microtexture for each sample that was analyzed using NMDS. 
Samples Represented Facies af as bb cf crg cg dt de er ff ls pf saf sg slf up vc low med high Citation
Cryogenian Bråvika Member 
(J1701-156) - HCl 
Disaggregation
Unknown 18 6 47 35 4 14 18 49 100 12 18 100 22 10 16 98 96 55 43 2 This study
Cryogenian Bråvika Member 
(J1701-156) - HCl + Mortar-
Pestle Disaggregation
Unknown 4 6 26 40 17 40 17 47 100 4 6 100 6 15 9 81 96 47 47 6 This study
Modern Lake Sand, Lake 
Vanda, Antarctica Periglacial Aeolian 12 24 33 39 35 45 20 37 100 12 22 96 49 12 27 53 51 31 51 18 This study
Modern Embryonic Dune, 
Kangerlussuaq-Russell Glacier 
Area, SW Greenland
Periglacial Aeolian 25 65 20 80 20 10 0 60 95 0 80 90 5 0 10 0 30 10 80 10 Kalińska-Nartiša et al., 2017
Modern Coastal Dune, 
California, U.S.A. Nonglacial Aeolian 62 0 0 8 0 0 0 58 63 12 0 0 35 0 5 0 17 55 31 16 Mahaney, 2002
Fluvial Facies, Pennsylvanian-
Permian Fountain Formation Fluvial 24 22 29 39 18 0 0 16 62 10 20 0 23 14 32 0 26 29 56 7 Sweet and Soreghan, 2010
Middle-Devonian Aruküla 
Stage Fluvial 54 0 0 5 0 0 0 45 64 2 0 45 0 0 8 0 61 58 38 7 Mahaney et al., 2001
Modern Fluvial Sand, Indian 
Gorge, Anza-Borrego Desert, 
California, U.S.A.
Fluvial 16 52 12 74 22 2 3 79 26 6 54 30 16 6 68 44 30 4 62 33 Smith, 2016; Smith et al., 2018
Modern Fluvial Sand, Rio 
Guayanés, Yabucoa 
Municipality, Puerto Rico
Fluvial 9 46 7 70 16 2 1 89 33 4 53 61 17 3 64 35 40 1 56 42 Smith, 2016; Smith et al., 2018
Late Weichselian Glaciofluvial 
Sand Glaciofluvial 40 0 0 27 0 0 0 15 57 0 0 2 2 0 21 0 53 36 43 18 Mahaney et al., 2001
Modern Fluvial Sand, Rio 
Parón, Eastern Rio Santa Basin, 
Peru
Glaciofluvial 3 38 5 73 17 2 6 74 34 18 49 27 8 4 77 42 15 6 52 35 Smith, 2016; Smith et al., 2018
Modern Fluvial Sand, Auster 
and Storelvi Rivers, 
Jostedalsbreen Glacier 
Complex, Norway
Glaciofluvial 11 54 8 76 16 5 2 82 34 12 66 37 12 2 68 26 34 2 53 44 Smith, 2016; Smith et al., 2018
Modern Till, Cordillera de 
Talamanca, Costa Rica Till 35 7 10 55 7 21 14 70 5 6 11 50 38 25 91 35 15 9 69 23 Deane, 2010
Pleistocene Till Till 47 2 0 51 0 10 20 19 18 2 14 17 45 14 45 17 21 5 20 58 Mahaney et al, 2001
Pleistocene Latvia Till Till 38 0 0 44 0 19 34 49 30 0 10 50 34 30 36 0 33 29 39 44 Mahaney and Kalm, 1995a
Pleistocene Varduva Till Till 46 0 0 44 0 20 34 43 37 0 20 45 37 33 56 0 30 30 37 49 Mahaney and Kalm, 1995a
Pleistocene Upper Ugandi Till Till 39 3 0 39 6 16 39 17 26 0 26 21 37 32 46 0 20 13 26 44 Mahaney and Kalm, 1995a
Pleistocene Lower Ugandi Till Till 47 4 0 44 7 21 49 12 16 0 20 16 49 34 48 0 11 20 31 58 Mahaney and Kalm, 1995a
Pleistocene Upper Dainava Till Till 45 21 0 51 7 27 63 19 11 3 26 7 46 37 51 0 7 19 37 47 Mahaney and Kalm, 1995a
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Table 3. Description for each NMDS-analyzed sample according to represented facies, relative geologic age (in terms of eras), 
and consolidation before SEM analysis. 
 
4. Discussion 
4.1 Sample Characterization and Comparison with Literature Interpretations 
Given the petrographic and EDS observations, J1701-156 is best described as a quartz 
arenite with dolomitic cement. This interpretation is consistent with other descriptions of the 
Bråvika Member as a quartz arenite, especially near the contact between the Bråvika Member 
Samples Represented Facies Sample Age [Era] Sample Consolidation Before SEM Analysis Citation
Cryogenian Bråvika Member 
(J1701-156) - HCl 
Disaggregation
Unknown Precambrian Consolidated This study
Cryogenian Bråvika Member 
(J1701-156) - HCl + Mortar-
Pestle Disaggregation
Unknown Precambrian Consolidated This study
Modern Periglacial Aeolian  
Sand, Lake Vanda, Antarctica Periglacial Aeolian Cenozoic Unconsolidated This study
Modern Embryonic Dune, 
Kangerlussuaq-Russell Glacier 
Area, SW Greenland
Periglacial Aeolian Cenozoic Unconsolidated Kalińska-Nartiša et al., 2017
Modern Coastal Dune, 
California, U.S.A. Nonglacial Aeolian Cenozoic Unconsolidated Mahaney, 2002
Fluvial Facies, Pennsylvanian-
Permian Fountain Formation Fluvial Paleozoic Consolidated Sweet and Soreghan, 2010
Middle-Devonian Aruküla 
Stage Fluvial Paleozoic Unconsolidated Mahaney et al., 2001
Modern Fluvial Sand, Indian 
Gorge, Anza-Borrego Desert, 
California, U.S.A.
Fluvial Cenozoic Unconsolidated Smith, 2016; Smith et al., 2018
Modern Fluvial Sand, Rio 
Guayanés, Yabucoa 
Municipality, Puerto Rico
Fluvial Cenozoic Unconsolidated Smith, 2016; Smith et al., 2018
Late Weichselian Glaciofluvial 
Sand Glaciofluvial Cenozoic Unconsolidated Mahaney et al., 2001
Modern Fluvial Sand, Rio 
Parón, Eastern Rio Santa Basin, 
Peru
Glaciofluvial Cenozoic Unconsolidated Smith, 2016; Smith et al., 2018
Modern Fluvial Sand, Auster 
and Storelvi Rivers, 
Jostedalsbreen Glacier 
Complex, Norway
Glaciofluvial Cenozoic Unconsolidated Smith, 2016; Smith et al., 2018
Modern Till, Cordillera de 
Talamanca, Costa Rica Till Cenozoic Unconsolidated Deane, 2010
Pleistocene Till Till Cenozoic Unconsolidated Mahaney et al, 2001
Pleistocene Latvia Till Till Cenozoic Unconsolidated Mahaney and Kalm, 1995a
Pleistocene Varduva Till Till Cenozoic Unconsolidated Mahaney and Kalm, 1995a
Pleistocene Upper Ugandi Till Till Cenozoic Unconsolidated Mahaney and Kalm, 1995a
Pleistocene Lower Ugandi Till Till Cenozoic Unconsolidated Mahaney and Kalm, 1995a
Pleistocene Upper Dainava Till Till Cenozoic Unconsolidated Mahaney and Kalm, 1995a
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and the Wilsonbreen Formation (Halverson et al., 2004; Halverson, 2011; Hoffman et al., 2012; 
Halverson et al., 2018). In the context of this blind study, this result indicates that J1701-156 can 
be confidently associated with the mid-lower Bråvika Member. The rest of this discussion will 
focus on these results and their implications for the Bråvika Member’s depositional history and 
placement within the stratigraphy in Northeastern Svalbard. 
 
4.2 What is the Best Method to Disaggregate Consolidated Samples for 
Microtextural Analysis? 
 Although this study mainly focuses on characterizing the Bråvika Member and 
interpreting its depositional history, this study also spent a substantial amount of time assessing 
how to effectively disaggregate consolidated siliciclastic samples without inducing artificial 
microtextures. An artificial microtexture is any microtexture that was not created by mechanical 
or chemical processes in the sample’s original depositional environment. Artificial microtextures 
can be mechanically or chemically induced, just like microtextures induced in a natural 
depositional environment. Therefore, these artificial microtextures can be identified and 
quantified in the same manner as naturally-induced microtextures, which permits comparisons 
between the three disaggregation methods investigated in this study: SelFrag EPD, HCl-only, 
and HCl-MP. 
 Since the SelFrag EPD-disaggregated grain microtextures were not quantified using 
binary presence-absence microtextural analysis, there are no quantitative measures of artificial 
microtextures induced by SelFrag EPD. However, qualitative observations (Figure 7B) indicate 
that SelFrag EPD-disaggregated grains have high relief and an abundance of sharp angular 
features and fracture faces. Curiously, some of the larger grains with large fracture faces on one 
side also have well-rounded edges on the opposite side, and the average grain size for the 
SelFrag EPD sample is smaller than the grain sizes shown in the weathered surface, HCl-only, 
and HCl-MP samples. These observations are consistent with what would happen to a rock that 
was exposed to an explosive force. During EPD, a voltage greater than 100 kV creates an electric 
current that is applied to a rock sample in a water bath. As the current moves through the sample, 
the current induces small explosions that occur preferentially along zones of weakness (grain 
boundaries) in the rock (Cabri et al., 2008). Since J1701-156 is a homogeneous, well-sorted, and 
well-rounded quartz arenite with little to no accessory minerals, the EPD process did not fracture 
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J1701-156 along grain boundaries; instead, the EPD process likely created explosions along 
zones of weakness within the individual quartz grains. Therefore, the EPD process forcibly 
fractured these rounded grains into smaller pieces, creating the fracture faces, sharp angular 
features, and smaller grain sizes seen in Figure 7B. This interpretation is also supported by the 
observation that rounded edges occur opposite of fractured faces in larger grains: the electric 
current created an explosion along a zone of weakness in the interior of the grain, creating a 
fracture face along the grain’s former interior and preserving the grain’s rounded edge on the 
grain’s former exterior. If the EPD process was fracturing along zones of weakness within the 
quartz grains, the fracture faces should be irregularly oriented, since quartz has no cleavage. The 
random orientations of the fracture faces seen in Figure 7 are consistent with this hypothesis, 
indicating that the EPD process is indeed fracturing along randomly oriented zones of weakness 
within the quartz grains. Therefore, while SelFrag EPD disaggregation is a useful tool for 
extracting industrially, economically, and scientifically important accessory minerals, it is not a 
useful technique to extract quartz grains for microtextural analysis because EPD fractures along 
zones of weakness within quartz grains instead of along grain boundaries. However, workers 
should evaluate this technique’s potential to extract quartz grains from more heterogeneous 
samples, or to extract heavy minerals like zircons and garnets for microtextural analysis (review 
in Mahaney, 2002).  
 Based on the percent frequency of occurrence results for the HCl-only and HCl-MP 
samples, the HCl-only sample has higher frequencies of microtextures formed under polygenetic 
conditions (abraded features, breakage blocks, linear steps, and sharp angular features; Table 1) 
while the HCl-MP sample has higher frequencies of microtextures formed under high pressure 
conditions (curved grooves and crescentic gouges, Table 1). Using these data alone, it is 
tempting to say that grains disaggregated using the HCl-only method are more likely to have 
polygenetic features while grains disaggregated using the HCl-MP method are more likely to 
have high-stress features. The polygenetic features in the HCl-only method could be attributed to 
using the glass stirring rod to remove grains from the edges of the sample while in solution, 
while the high-stress features in the HCl-MP method could be attributed to the light crushing 
using the mortar and pestle. However, there are two reasons for why this interpretation is naive. 
First, this interpretation does not consider variance in microtexture tallies between samples. 
Culver et al. (1983) had five scanning electron microscopists identify thirty-two microtextures 
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for eight coded samples and found that the number of identified microtextures varied 
considerably between operators. In addition, studies where there is only one operator performing 
microtextural analysis on multiple samples from one sample location (e.g. Deane, 2010) still 
show variance in the number of identified microtextures between samples, albeit to a lesser 
degree that what is described in Culver et al. (1983). In addition to ignoring variance, this 
interpretation based on the percent frequency of occurrence results does not account for the 
NMDS results in Figure 12A. Figure 12A shows that both samples, labelled as “J1701-156” in 
the Figure, plot closely together in this ordination space. Therefore, the variance between these 
samples is small when compared with samples from other facies. In Figure 12C, the consolidated 
J1701-156 samples plot closely to the unconsolidated samples in this study, implying that this 
disaggregation technique did not induce enough microtextures on the formerly-consolidated 
samples to make it plot as a distinct group. For the purposes of this study, the HCl-only- and 
HCl-MP-disaggregated samples will be treated as equivalent representations of J1701-156. 
However, future work should perform more robust statistical analysis on these disaggregation 
methods to determine if they are indeed equivalent. 
 For sample J1701-156, its dolomite cement made it an ideal candidate for HCl 
disaggregation over SelFrag EPD disaggregation. Based on this study, the HCl-only and HCl-MP 
methods produced disaggregated grains with small differences in microtexture abundance, but 
more work must be done to confirm if the variance between samples is truly negligible. The 
HCl-MP method yielded more disaggregated grains than the HCl-only method, indicating that 
the HCl-MP method may be a more efficient technique to disaggregate large quantities of quartz 
grains from a carbonate-cemented sample. Although the HCl-MP method may be the best and 
most efficient method to disaggregate grains for this sample, this technique may not be the best 
for other samples. Future microtextural studies of lithified sediments in the rock record must 
carefully consider what disaggregation methods would induce the fewest artificial microtextures 
for a given sample. 
 
4.3 What Facies Does J1701-156 Represent? 
 The results of this study, combined with field observations made in 2017 by members of 
the Bergmann Lab from MIT EAPS, indicate that the sample J1701-156 represents a periglacial 
aeolian facies. The NMDS ordination plot (Figure 12) plots J1701-156 as a distinct facies 
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compared to the nonglacial aeolian, fluvial/glaciofluvial, and till facies. In this ordination, J1701-
156 plots closest to the two periglacial aeolian facies. Of the two periglacial aeolian facies 
represented on this plot, one of them is sample V-13A and the other is a sample from an 
embryonic dune in the Kangerlussuaq-Russell Glacier area in Southwest Greenland (Kalińska-
Nartiša et al., 2017). Although there are only two samples in this ordination that represent a 
periglacial aeolian facies, the fact that two different studies (this study; Kalińska-Nartiša et al., 
2017) have recorded similar groups of microtextures indicates that periglacial aeolian sands 
constitute a distinct facies from the other facies plotted in the ordination. 
 In addition to NMDS, field observations are also consistent with the interpretation that 
this facies of the Bråvika in Buldrevågen represents a periglacial aeolian facies. Aerial photos 
taken with a drone in Gimleodden (20 km southwest of Buldrevågen) show large-scale cross-
stratification that are interpreted as aeolian dunes (Figure 2A). In addition, the individual grains 
within sample J1701-156 are frosted, which strongly indicates aeolian transport (Section 1.1; 
Kuenen and Perdok, 1962; Margolis and Krinsley, 1971). What field evidence exists for the 
presence of ice in the Bråvika? Additional field evidence for the presence of ice in the Bråvika 
comes in two forms: the presence of ice-cemented sandstone clasts (e.g. Runkel et al., 2010), and 
the presence of a clast of diamictite from the Wilsonbreen Formation 9 m above where J1701-
156 was collected and 3 m below the Wilsonbreen contact (166 m) (Figure 2C). Sand intraclasts 
are routinely identified as ice-cemented in glaciogenic deposits (Browne and Naish, 2003), and 
more recently ice-cemented sandstone clasts were identified in an ancient shoreline represented 
by the Middle to Late Cambrian Jordan Formation (Runkel et al., 2010). Therefore, the presence 
of ice-cemented sand intraclasts implies that this subsection of the Bråvika Member was once 
partially frozen. The presence of ice-cemented sand intraclasts also implies that the mid-lower 
Bråvika was, at the point of freezing, unconsolidated material without a dolomite cement. The 
presence of a clast of Wilsonbreen diamictite within the Bråvika in Buldrevågen also implies that 
the Bråvika and Wilsonbreen depositional environments were laterally adjacent. 
 
4.4 Implications for the Stratigraphy in Northeastern Svalbard 
 Before considering the Bråvika’s placement within the Northeastern Svalbard 
stratigraphy, it is important to consider that J1701-156 represents one facies preserved within the 
Bråvika; the whole Bråvika Member displays multiple different facies in Northeastern Svalbard. 
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Similar analyses on other facies in the Bråvika may elucidate a possible range of environments 
that were laterally adjacent to each other at the time of deposition. However, for the mid-lower 
Bråvika Member represented by sample J1701-156, we argue that this section of the Bråvika 
should be placed within the stratigraphy as a member of the Marinoan Wilsonbreen Formation. 
The field evidences of ice in the form of ice-cemented clasts and the clast of Wilsonbreen 
diamictite, taken in conjunction with the NMDS evidence for J1701-156, are consistent with the 
mid-lower Bråvika being deposited during a cold glacial period in Earth history. Given that the 
underlying Elbobreen Formation is distinctly nonglacial (Hoffman et al., 2012), ice would not 
have existed during this period, further indicating that the mid-lower Bråvika is more related to 
the Wilsonbreen than to the Elbobreen. These results agree with previous interpretations of the 
Bråvika’s stratigraphic placement (Halverson et al., 2004; Halverson, 2011; Halverson et al., 
2018).  
Trying to constrain the placement of the whole Bråvika Member within the stratigraphy 
is much more difficult. Although there is evidence for ice in the mid-lower Bråvika, Hoffman et 
al. (2012) provided three lines of evidence for why the Bråvika Member is more closely related 
to the nonglacial Elbobreen Formation, especially near the Slangen Member contact. First, the 
d13Ccarb values in both the Slangen and the Bråvika members are 5 to 7.5‰. Second, the contact 
between the Bråvika and the Slangen Members at Sveanor was perfectly exposed and 
conformable with no significant evidence of hiatus. Third, the carbonate clasts in the Bråvika 
Member at the Franklinsundet coastal section are not glacial in origin but are rather 
intraformational in origin (Hoffman et al., 2012). Therefore, Hoffman et al. (2012) argue that the 
Bråvika Member, especially near the Slangen contact, is more closely related to the Elbobreen 
Formation. 
 These glacial and nonglacial interpretations are at odds with each other if we assume that 
the Bråvika represents a single facies with minimal variation throughout the section. However, 
field observations indicate that the Bråvika contains multiple different facies. Therefore, it is 
possible that both of these interpretations apply to different depositional environments 
represented in the Bråvika. However, until the Bråvika is studied in more detail, it is difficult to 
classify the whole Bråvika Member as part of the Wilsonbreen or Elbobreen formations, or to 




 This study used a combination of petrography, energy-dispersive spectroscopy (EDS), 
scanning electron microscope (SEM) microtextural analysis, and non-metric multi-dimensional 
scaling (NMDS) analysis to characterize and assess the facies represented in the mid-lower 
Bråvika Member in Buldrevågen, Svalbard. The Bråvika’s relationship with the underlying 
nonglacial Elbobreen Formation and the overlying Marinoan Wilsonbreen Formation has been 
difficult to constrain using large-scale sedimentological and isotopic analysis techniques. This 
study is the first to analyze a facies represented in the Bråvika Member with blind SEM 
microtextural analysis. In addition to assessing the microtextural characteristics of the mid-lower 
Bråvika Member, this study compares SelFrag electric pulse disaggregation (EPD) to two other 
techniques (hydrochloric acid (HCl) dissolution, and a combination of HCl dissolution and light 
mortar and pestle crushing) to determine the effectiveness of SelFrag EPD disaggregation as a 
disaggregation technique for microtextural analysis. This study presents new, previously 
unpublished field evidence for syndepositional ice in the Bråvika Member at Buldrevågen, and it 
also provides new microtextural frequency of occurrence data for an underrepresented facies in 
the microtextural literature: a modern periglacial aeolian sand sample from Lake Vanda, 
Antarctica.  
 SelFrag EPD-disaggregated grains of the mid-lower Bråvika Member were angular, 
poorly-sorted, and < 100 µm, which was inconsistent with the well-rounded, well-sorted, 150-
300 µm sizing of the original sediment. Both HCl-disaggregated samples had well-rounded, 
well-sorted grains which was consistent with the original character of the sediment. The SelFrag 
EPD process likely fractured the quartz grains along zones of weakness within the grains instead 
of along grain boundaries, creating sharp angular features and fracture faces that were not 
present in the original sediment (artificial microtextures). Therefore, this study recommends that 
SelFrag EPD disaggregation should not be used to disaggregate consolidated sediments for 
microtextural analysis. For carbonate-cemented samples, the HCl-disaggregation method is an 
efficient disaggregation method that does not induce artificial microtextures on the sample.  
 The two subsamples of the mid-lower Bråvika Member plot closely to periglacial aeolian 
sediments in NMDS ordination space. This result, combined with field evidence for aeolian 
(large aeolian dunes, aeolian grain frosting) and laterally-adjacent glacial (ice-cemented 
sandstone clasts, clast of the Wilsonbreen diamictite within the Bråvika) depositional 
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environments, indicates that the mid-lower Bråvika Member in Buldrevågen likely represents a 
periglacial aeolian facies associated with the Marinoan glaciation. Although these results imply 
that the Bråvika is more closely related to the glacial Wilsonbreen Formation, these results do 
not imply that the whole Bråvika Member should be classified as a member of the Wilsonbreen. 
Recent field observations indicate that the Bråvika Member represents multiple depositional 
environments. Therefore, although one section of the Bråvika may be more closely related to a 
formation, the relationship cannot be applied to the whole member without a more formal 
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Figure A1. Shepard plot of the NMDS observed dissimilarity (stress) versus the ordination distance. 
 
Figure A2. EDS spectrum of J1701-156 used to determine the elements analyzed  for element mapping. Element peaks are 
annotated. The Pt peak is attributed to the Pt-Pd coating applied to the sample. 
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Table A1. Presence-absence tables for the HCl and mortar and pestle-disaggregated J1701-156 sample. Grains with no data are 
grains that were identified as non-quartz grains using EDS. 
 
Grain # af as bb cf crg cg dt de er ff ls pf saf sg slf up vc low med high
A1 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
A2 – – – – – – – – – – – – – – – – – – – –
A3 1 0 0 0 1 0 1 0 1 0 0 1 0 0 0 1 1 1 0 0
A4 0 0 1 0 1 1 0 0 1 0 0 1 0 0 0 0 1 0 1 0
A5 0 0 0 0 0 0 1 1 1 0 1 1 0 1 0 1 1 0 1 0
A6 0 0 0 1 0 0 0 1 1 0 0 1 0 1 0 1 1 1 0 0
A7 0 0 0 0 1 0 0 1 1 0 1 1 0 1 0 1 1 0 1 0
A8 0 0 0 1 0 0 0 1 1 0 0 1 0 0 0 1 1 1 0 0
A9 0 0 0 1 0 1 0 1 1 0 0 1 0 0 0 1 1 0 1 0
A10 1 0 0 0 0 1 0 1 1 0 0 1 0 0 0 1 1 1 0 0
B1 0 0 1 1 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
B2 – – – – – – – – – – – – – – – – – – – –
B3 – – – – – – – – – – – – – – – – – – – –
B4 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 1 0 1 0
B5 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 1 0 1 0
B6 0 0 1 1 0 1 0 0 1 1 1 1 1 0 1 1 0 0 0 1
B7 0 0 1 0 0 1 0 1 1 0 0 1 0 0 0 1 1 1 0 0
B8 0 1 0 1 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
B9 0 0 0 0 0 0 1 1 1 0 0 1 0 0 0 1 1 1 0 0
B10 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
C1 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 1 1 0 1 0
C2 0 0 0 1 0 0 1 1 1 0 0 1 0 0 1 1 1 0 1 0
C3 0 0 0 1 1 0 0 1 1 0 0 1 0 0 0 1 1 0 1 0
C4 0 1 0 1 0 0 0 0 1 0 0 1 1 0 0 0 1 0 0 1
C5 0 0 0 1 0 1 1 0 1 0 0 1 0 0 0 1 1 0 1 0
C6 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 1
C7 0 0 0 0 0 1 0 1 1 0 0 1 0 0 0 1 1 1 0 0
C8 0 1 1 1 0 0 0 0 1 0 0 1 0 0 0 1 1 0 1 0
C9 0 0 1 0 0 0 1 1 1 0 0 1 0 1 0 1 1 0 1 0
C10 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 1 0 1 0
D1 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 1 1 0 0
D2 0 0 1 0 0 0 0 1 1 0 0 1 0 1 0 1 1 1 0 0
D3 0 0 0 0 0 1 0 1 1 0 0 1 0 0 0 1 1 0 1 0
D4 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 1 1 1 0 0
D5 0 0 1 0 0 0 0 1 1 0 0 1 0 1 0 1 1 1 0 0
D6 0 0 0 0 0 1 0 1 1 0 0 1 0 0 0 1 1 1 0 0
D7 0 0 1 0 1 0 0 0 1 0 0 1 0 0 0 1 1 0 1 0
D8 0 0 1 1 1 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
D9 0 0 0 0 0 0 1 1 1 0 0 1 0 0 0 1 1 0 1 0
D10 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 1 0 1 0
E1 0 0 1 0 0 1 0 1 1 0 0 1 0 0 0 1 1 1 0 0
E2 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 1 0 1 0
E3 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
E4 0 0 0 1 0 0 0 1 1 1 0 1 1 0 0 0 1 0 1 0
E5 0 0 0 0 0 1 0 1 1 0 0 1 0 0 0 1 1 0 1 0
E6 0 0 0 0 1 1 1 1 1 0 0 1 0 0 0 1 1 1 0 0
E7 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 1 0 1 0
E8 0 0 0 1 0 0 0 0 1 0 0 1 0 1 1 1 1 1 0 0
E9 0 0 0 1 0 0 0 0 1 0 0 1 0 0 1 0 1 1 0 0
E10 0 0 0 1 0 1 0 0 1 0 0 1 0 0 0 0 1 0 1 0
Total Counts 2 3 12 19 8 19 8 22 47 2 3 47 3 7 4 38 45 22 22 3
Averages 0.04 0.06 0.26 0.40 0.17 0.40 0.17 0.47 1.00 0.04 0.06 1.00 0.06 0.15 0.09 0.81 0.96 0.47 0.47 0.06
% Frequency 4 6 26 40 17 40 17 47 100 4 6 100 6 15 9 81 96 47 47 6
Sample: J1701-156 (HCl and Mortar-Pestle) Number of Quartz Grains: 47
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Table A2. Presence-absence tables for the HCl-disaggregated J1701-156 sample. Grains with no data are grains that were 
identified as non-quartz grains using EDS. 
 
Grain # af as bb cf crg cg dt de er ff ls pf saf sg slf up vc low med high
A1 1 0 0 1 0 0 0 1 1 0 1 1 0 0 0 1 1 1 0 0
A2 0 0 0 1 1 0 1 1 1 0 0 1 0 0 0 1 1 0 1 0
A3 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
A4 1 0 1 1 0 0 0 0 1 0 0 1 0 0 0 1 1 0 1 0
A5 0 0 1 0 0 0 0 0 1 0 0 1 1 0 0 1 0 0 1 0
A6 1 0 0 1 0 0 0 0 1 1 0 1 1 0 0 1 1 1 0 0
A7 0 0 0 0 0 0 1 1 1 0 0 1 1 1 0 1 1 0 1 0
A8 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 0 0 1 0
A9 0 0 1 1 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
A10 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
B1 0 0 0 0 0 0 1 1 1 0 0 1 0 0 0 1 1 0 1 0
B2 0 0 1 0 0 0 0 1 1 0 0 1 1 0 0 1 1 0 1 0
B3 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 1 1 1 0 0
B4 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 1 1 0 1 0
B5 1 0 1 0 0 0 1 0 1 0 1 1 1 0 1 1 1 1 0 0
B6 0 1 1 1 0 0 1 0 1 1 1 1 1 0 1 1 1 0 0 1
B7 0 0 1 0 0 0 0 0 1 0 0 1 0 1 0 1 1 1 0 0
B8 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 0 1 0
B9 0 0 0 0 0 1 1 0 1 0 0 1 0 1 0 1 1 0 1 0
B10 1 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
C1 0 0 0 0 0 0 1 1 1 0 0 1 0 0 0 1 1 0 1 0
C2 0 0 1 1 0 0 0 0 1 0 1 1 0 0 0 1 1 1 0 0
C3 0 1 0 1 0 1 0 1 1 0 1 1 0 0 1 1 1 1 0 0
C4 0 0 0 0 0 1 0 1 1 0 0 1 0 0 0 1 1 1 0 0
C5 1 0 1 0 0 0 0 1 1 0 0 1 1 0 0 1 1 1 0 0
C6 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 1 1 0 1 0
C7 – – – – – – – – – – – – – – – – – – – –
C8 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 1 1 0 1 0
C9 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
C10 0 0 0 0 0 1 0 1 1 0 0 1 0 0 0 1 1 0 1 0
D1 0 0 1 0 0 0 0 1 1 0 0 1 0 0 0 1 1 1 0 0
D2 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 1 1 0 0
D3 0 0 0 1 0 0 0 1 1 0 0 1 0 0 0 1 1 1 0 0
D4 1 0 1 0 0 0 0 1 1 0 0 1 0 0 1 1 1 1 0 0
D5 1 0 1 0 0 1 0 0 1 0 0 1 0 0 0 1 1 0 1 0
D6 0 0 1 0 1 0 0 0 1 0 0 1 0 1 0 1 1 1 0 0
D7 0 0 0 1 0 1 0 1 1 0 0 1 0 0 0 1 1 1 0 0
D8 0 0 0 1 0 0 1 0 1 1 1 1 1 1 1 1 1 0 1 0
D9 0 0 1 0 0 0 0 1 1 0 0 1 0 0 0 1 1 1 0 0
D10 0 1 0 0 0 0 0 1 1 0 1 1 0 0 0 1 1 0 1 0
E1 0 0 1 0 0 0 0 1 1 0 0 1 0 0 0 1 1 0 1 0
E2 0 0 0 0 0 0 0 1 1 1 1 1 1 0 0 1 1 1 0 0
E3 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0
E4 0 0 1 0 0 0 0 0 1 1 0 1 0 0 0 1 1 0 1 0
E5 0 0 1 1 0 0 1 1 1 0 0 1 0 0 0 1 1 1 0 0
E6 1 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 0 1 0
E7 0 0 1 0 0 0 0 1 1 0 0 1 1 0 0 1 1 0 1 0
E8 0 0 1 1 0 0 0 1 1 1 0 1 0 0 1 1 1 1 0 0
E9 0 0 1 0 0 0 0 0 1 0 0 1 0 0 1 1 1 1 0 0
E10 0 0 1 0 0 0 0 1 1 0 1 1 0 0 1 1 1 1 0 0
Total Counts 9 3 23 17 2 7 9 24 49 6 9 49 11 5 8 48 47 27 21 1
Averages 0.18 0.06 0.47 0.35 0.04 0.14 0.18 0.49 1.00 0.12 0.18 1.00 0.22 0.10 0.16 0.98 0.96 0.55 0.43 0.02
% Frequency 18 6 47 35 4 14 18 49 100 12 18 100 22 10 16 98 96 55 43 2
Sample J1701-156 (HCl only) Number of Quartz Grains 49
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Table A3. Presence-absence tables for the V-13A sample. Grains with no data are grains that were identified as non-quartz 
grains using EDS. 
 
Grain # af as bb cf crg cg dt de er ff ls pf saf sg slf up vc low med high
A1 0 0 1 1 1 1 0 1 1 0 0 0 0 0 0 0 1 1 0 0
A2 – – – – – – – – – – – – – – – – – – – –
A3 0 1 1 1 0 0 0 1 1 0 1 1 1 0 1 0 0 0 1 0
A4 1 0 0 0 1 1 0 0 1 1 0 1 1 0 0 0 0 1 0 0
A5 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 1 1 0 0
A6 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0
A7 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 1 1 0 0
A8 0 1 0 1 0 0 1 0 1 0 1 1 1 0 1 1 0 0 0 1
A9 0 0 1 0 0 0 0 0 1 0 0 1 1 0 1 1 0 0 0 1
A10 0 0 0 0 0 1 0 0 1 0 0 1 1 0 0 0 1 0 1 0
B1 1 1 0 0 0 0 0 0 1 1 1 1 1 0 1 1 1 1 0 0
B2 0 0 0 0 1 1 1 1 1 0 0 1 0 0 0 1 1 0 1 0
B3 0 1 1 1 1 0 1 0 1 0 0 1 1 0 0 1 0 0 0 1
B4 1 0 1 1 0 1 0 1 1 0 0 1 0 0 0 1 0 1 0 0
B5 0 1 1 1 0 0 1 0 1 0 0 1 1 0 0 0 1 0 1 0
B6 0 0 1 1 1 0 0 0 1 0 0 1 1 0 0 1 0 0 0 1
B7 0 0 1 0 0 1 0 0 1 0 0 1 1 0 0 1 0 0 1 0
B8 0 0 1 0 0 1 0 1 1 0 0 1 1 0 0 1 1 0 1 0
B9 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0 1 0 0
B10 0 0 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 0 1 0
C1 0 0 0 0 0 0 0 1 1 0 1 1 1 0 0 1 0 0 1 0
C2 1 1 0 1 0 0 1 1 1 1 1 1 1 0 1 0 0 0 0 1
C3 0 1 0 0 1 0 1 1 1 0 0 1 0 0 0 1 1 0 1 0
C4 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 1 0 1 0
C5 0 0 1 0 0 1 0 1 1 0 0 1 0 1 0 1 1 1 0 0
C6 0 0 0 0 0 0 0 1 1 0 1 1 1 0 1 0 0 0 1 0
C7 0 0 1 1 0 0 0 0 1 0 0 1 1 0 0 0 0 0 1 0
C8 0 0 0 1 1 1 0 1 1 0 1 1 1 1 1 1 1 0 1 0
C9 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 0 1 1 0 0
C10 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 0 1 0 1 0
D1 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 0 1 1 0 0
D2 1 0 0 1 0 1 1 1 1 1 0 1 0 0 1 1 1 0 1 0
D3 0 1 0 1 0 1 0 0 1 0 1 1 1 1 1 0 0 0 1 0
D4 0 0 1 0 0 0 1 0 1 0 0 1 1 0 1 0 0 0 0 1
D5 0 0 0 0 0 1 0 1 1 0 0 0 0 1 0 1 1 1 0 0
D6 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 1 1 0 1 0
D7 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0
D8 0 0 1 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0
D9 0 0 0 0 0 0 0 1 1 0 1 1 0 0 0 1 1 0 1 0
D10 0 0 0 1 1 0 0 0 1 0 0 1 1 0 1 1 0 0 1 0
E1 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 1 1 0 0
E2 0 1 0 1 0 0 0 0 1 1 1 1 1 0 1 0 0 0 0 1
E3 0 1 0 0 1 0 0 0 1 0 0 1 0 1 0 1 1 0 1 0
E4 0 0 1 1 0 1 0 1 1 0 0 1 0 0 0 1 1 1 0 0
E5 0 1 0 1 1 0 0 0 1 0 0 1 0 0 1 0 1 0 0 1
E6 0 0 0 0 0 1 0 1 1 0 0 1 0 0 0 1 1 1 0 0
E7 0 0 0 0 0 1 0 0 1 0 0 1 1 0 0 0 0 0 1 0
E8 1 0 1 1 0 0 0 1 1 0 0 1 1 0 0 0 0 0 1 0
E9 0 1 0 1 1 0 1 0 1 1 1 1 1 0 0 1 0 0 0 1
E10 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 1 1 1 0 0
Total Counts 6 12 16 19 17 22 10 18 49 6 11 47 24 6 13 26 25 15 25 9
Averages 0.12 0.24 0.33 0.39 0.35 0.45 0.20 0.37 1.00 0.12 0.22 0.96 0.49 0.12 0.27 0.53 0.51 0.31 0.51 0.18
% Frequency 12 24 33 39 35 45 20 37 100 12 22 96 49 12 27 53 51 31 51 18
Sample: V-13A Number of Quartz Grains: 49
